Objective: The aim of the study was to analyze the long-term results of congenital subvalvar aortic stenosis (SAS) relief and the risk factors associated with recurrence and reoperations. Methods: Between January 1960 and March 2005, 190 patients underwent surgical correction for discrete (ns140) and tunnel (ns50) congenital subaortic stenosis. There were 115 male and 75 female patients ranging in age from 1 week to 36 years (mean age, 8.2"4.4 years). Preoperatively, 133 patients were in NYHA functional class I or II, 57 in class III or IV. There were several initial surgical procedures performed in patients with congenital subaortic stenosis: fibrous or fibromuscular subaortic resection, apical aortic conduit insertion, aortic valve replacement with mechanical valve, Ross andyor Konno procedure. Results: There were 7 early (4%) and 10 late (5%) deaths. Actuarial survival including operative mortality of patients with discrete and tunnel SAS was 94% and 84% at 40 years (Ps0.14), respectively. Within 7.1"6.2 years a recurrent peak aortic gradient )50 mmHg and moderate to severe aortic insufficiency were found in 50 patients (28%), all of whom had 104 reoperations. At late follow-up, ranging from 6 months to 42 years (mean 9.6"7.5 years), the left ventricle-aorta gradient was higher in patients with tunnel versus discrete obstruction (28"11 mmHg vs. 13"9 mmHg; Ps0.01) with a 40-year poor freedom from reoperation (14% vs. 89%; P-0.001). Conclusion: Patients with tunnel SAS and complex multilevel left ventricular outflow tract obstruction required higher reoperation rates. Aortic valve replacement with pulmonary autograft (Ross procedure) performed at our institution resulted in low mortality and morbidity.
Introduction
Subvalvar aortic stenosis (SAS) accounts for 8-30% of patients with congenital left ventricular outflow tract obstruction (LVOTO) and generally occurs in one of two forms: discrete (membranous) form or the tunnel (diffuse) type, despite of considerable overlap in some patients w1-4x. The discrete SAS has been classified as either a thin, fibrous membrane or thicker fibromuscular band w5x. Myocardial hypertrophy as a result of the hemodynamic stress may be more or less important and is generally more pronounced at the septal insertion of the membrane. Severe forms of SAS are those caused by either short-or long-segment fibromuscular tunnel. The anatomical variability in patients with tunnel SAS has been clearly emphasized. Typically, these patients have a diffuse fibromuscular narrowing of the LVOT, an abnormally small aortic annulus, concentric thickening of the ventricular wall, and a mitral valve normally positioned in the left ventricular cavity. Other patients with a typical tunnel at the subvalvar level may demonstrate disproportionate ventricular septal thickening, abnormal systolic anterior mitral leaflet motion, a *Corresponding author. Tel.: q1(317) 274-7150; fax: q1(317) 274-2940. E-mail address: markruz@hotmail.com (M. Ruzmetov).
mitral valve positioned anteriorly in the left ventricular cavity, and a normal sized aortic annulus.
Early surgery is controversial because of diverging and often conflicting reports on mid-and long-term outcome in patients w6,7x. A persistent problem is the high postoperative incidence of recurrence of stenosis and late reoperation, as well as the development of aortic insufficiency (AI), even after successful relief of the obstruction. To determine whether our strategy improved outcome by reducing recurrence, reoperation and late aortic valve deterioration, we performed this retrospective review with surgically treated patients with SAS.
Patients and methods

Study patients
Between January 1960 and March 2005, a total of 190 patients underwent surgery for SAS at the James W. Riley Hospital for Children. Patients with one other obstructive lesion such as coarctation of the aorta were included, as were patients with ventricular septal defect and patients with right ventricular outflow tract (RVOT) obstructions. Patients with three or more left heart obstructions (Shone's anomaly) and patients with interrupted aortic arch and SAS -subvalvar aortic stenosis; AS -aortic stenosis. Ventricular septum defect  19  5  12  9  Aortic regurgitation  1  7  20  7  Supravalvar aortic stenosis  0  17  14  19  Coarctation of aorta  13  10  14  9  Valvar aortic stenosis  0  17  14  20  Secundum ASDyP F O  6  3  5  3  Patent ductus arteriosus  5  3  5  4  Mitral regurgitation  3  4  5  0  Mitral stenosis  3  2  1  0  Pulmonary stenosis  8  1  0  3  Hypoplastic aortic arch  0  0  4  3 ASD -atrial septal defect; PFO -patent foramen ovale; SAS -subvalvar aortic stenosis.
ventricular septal defect whom pulmonary artery banding was a first step of treatment, were excluded. There were 115 male and 75 female. The mean age at intervention was 8.2"4.4 years (range 1 week to 36 years). One hundred and thirty-three patients (70%) were symptom-free and in NYHA functional class I or II and 57 in class III or IV.
The lesions were classified as discrete (ns140) or tunnel (ns50) SAS. Discrete SAS (discrete SAS group) is characterized by a complete or incomplete encirclement of the LVOT by a membrane or short-segment stenosis consisting of fibrous tissue or fibromuscular tissue. In patients with tunnel stenosis (tunnel SAS group), there is hypertrophy of the ventricular septum with endocardial thickening of variable length. Thirty-two percent of the patients (61y190) presented with LVOTO at more than one subaortic level ( Table 1) .
Preoperative assessment was performed either by angiography and echocardiography in 89 cases or by echocardiography in 101 cases. Gradient across the LVOT was calculated at catheterization by non-simultaneous peak-topeak systolic gradients. Preoperatively, mean peak gradient across the LVOT was 96"38 mmHg (range, 34 to 219 mmHg).
AI was present in 83 patients (54%); it was mild in 63, moderate in 16, and severe in 4. The subaortic lesion responsible for the gradient was found to be an isolated localized discrete fibrous stenosis (membrane) in 137 patients; this was associated with localized muscular hypertrophy in 16 other patients (discrete SAS group). Longsegment tunnel SAS was present in 50 patients, 27 of whom also had a subaortic membrane (tunnel SAS group). Table  2 summarizes the associated anomalies in patients with single and multiple levels of LVOTO. All previous and concomitant cardiac procedures are summarized in Table  3 .
Surgical techniques
Initial surgical procedure performed in 190 children with congenital SAS is given in Table 4 . The majority of patients, who underwent operation for congenital SAS had a median sternotomy. The exceptions were in patients who received an apical aortic conduit (AAC) and who underwent through a left lateral thoracotomy. This procedure was accomplished without the aid of cardiopulmonary bypass. Cardiopulmonary bypass was used for most of the other operations. Patients on bypass were systemically cooled to 28 8C utilizing a membrane oxygenator.
The approach to valvar, subvalvar, or supravalvar stenosis was through an oblique incision made in the ascending aorta and extending inferiorly into the noncoronary sinus of Valsalva. After aortic closure, the LVOT gradient was assessed by invasive measurements and by transesophageal echocardiography to confirm the degree of successful relief of the pressure gradient across the LVOT and any degree of AI produced.
The obstructive lesion was approached through an oblique aortotomy in all cases. Early in the experience subaortic membranes were removed with sharp dissection without any adjunct of septal myotomy or myectomy. The myotomy consisted of a deep incision made at the nadir of the right coronary aortic cusp into the septal muscle that protruded 
ASD -atrial septal defect; HAA -hypoplastic aortic arch; PDA -patent ductus arteriosus; SAS -subvalvar aortic stenosis; VSD -ventricular septal defect. into the LVOT. When septal myotomy was performed, a second incision was made caudal to the commissure between right and left coronary aortic cusps and both incisions were joined at their upper and lower edges. A deep wedge septal resection was then performed. When either myotomy or myectomy was performed the goal was to obtain a free patent subaortic area that would admit without friction a Hegar dilator matched with body surface area. One hundred and sixty-four patients with congenital SAS underwent complete resection of the fibrous subaortic membrane. In 24 of these 164 patients, a myotomy andyor myectomy was performed in conjunction with resection of the discrete subvalvar membrane. In the 1980s, in patients with severe recurrent tunnel obstruction and aortic annulus hypoplasia, an AAC (ns23) was inserted between the LV apex and the ascending aorta or the descending aorta w8x. The twenty-three AACs (initial wns13x and redo wns10x) were placed between the apex of the LV and the descending thoracic aorta for LVOTO in 18 patients: woven Dacron graft containing a glutaraldehyde-preserved porcine valve (Hancock-Extracorporeal, Inc., Anaheim, CA; ns10) or St. Jude valve-containing conduit (St. Jude Medical Inc., St. Paul, MN; ns5) or aortic homograft (AH) valved conduit (CryoLife Inc., Kennesaw, GA; ns8). The conduits ranged in size from 9 to 22 mm (mean; 14.6"4.0 mm): 9 to 12 mm conduits were used for infants and small children (less than 3 years old), 14 to 18 mm conduits for children 7 to 14 years, and 20 to 22 conduits for children older than 14 years.
More recently, in patients with similar pathology, a Konno aortoventriculoplasty w9x was performed (ns5). Initial aortic valve replacement (AVR) was performed in only 9 patients in our series. Mechanical aortic prostheses were used in 2 patients: Bjork-Shiley aortic prostheses (17 mm) in one patient and the St. Jude aortic prostheses (17 mm) in one patient. One patient had an aortic homograft (18 mm) inserted in 1993. Since 1993, all 6 initial AVRs were performed using a pulmonary autograft (Ross procedure). All patients undergoing the Ross procedure had RVOT reconstruction performed with a pulmonary homograft. Some patients with additional mild aortic annular hypoplasia were treated with myectomy and annular enlargement according to Nicks and associates w10x. The types of prostheses used as initial or redo operations are shown in Tables 4-5.
Statistical analysis
The statistical program SPSS for Windows version 10 (SPSS, Inc., Chicago, IL) was used for data analysis. Data are expressed as means"S.D., and ranges. The Kaplan-Meier product limit method and Cox proportional hazards regression methods were used for actuarial survival analysis and analysis of freedom from reoperation. All P-values of F0.05 were considered significant.
Results
Discrete SAS group
One hundred and forty patients (74%) with discrete SAS have undergone surgical procedures. Patients' ages at operation ranged from 1 month to 29 years (mean, 9.4"4.7 years). There were 79 male and 61 female. Additional cardiovascular anomalies had been repaired at previous operations in 34 (24%) patients (Table 3) . Preoperatively, mean peak gradient across the LVOT was 90"33 mmHg.
There were four early and five late deaths (9y140; 6%). Four patients died during hospitalization or within 30 days of operation with early mortality of 3% (4y140). Three of the four early deaths were secondary to low cardiac output. One patient died due to renal failure. There were 5 late deaths (5y140; 4%): 3 patients with isolated discrete SAS and 2 patients with multilevel type of discrete SAS. The two late deaths in patients with isolated discrete SAS were of cardiac origin: one due to cerebrovascular accident, and one due to congestive heart failure. One patient died after liver transplantation. The fourth death occurred in a child with recurrent discrete SAS and supravalvar AS. The death occurred 6 months postoperatively due to arrhythmia. The fifth death occurred 2 years after surgery of unknown cause. Overall survival rate was 95% at 5 years and 94% at 10, 20 and 40 years (Fig. 1) . Univariate and multivariate analysis identified the date of operation (before 1975) as a risk factor for death (Ps0.001).
One hundred and thirty-one patients of the 136 hospital survivors (96%) were contacted within the past 2 years. The mean follow-up was 9.8"5.6 years (range, 6 months to 39 years). At latest clinical evaluation, all survivors were in NYHA functional class I or II leading normal or nearnormal lives. The mean preoperative LVOT gradient decreased from 90"34 to 27"24 mmHg (P-0.001). Mild AI was documented in 41 patients (41y140; 29%) before surgery, and 50 patients had AI on late follow-up (50y131; 38%; Ps0.07). The AI was mild in 82% (41y50), and moderate in 18% (9y50).
Twenty-six reoperations were performed in 15 patients ( Table 5) : 8 patients with isolated discrete SAS and 7 patients with multilevel type of discrete SAS. Some patients had two or three redo procedures at the same time of surgery. The mean interval time from initial surgery to first reoperation was 10.2"6.7 years (range 37-25 years). The predominant indication for reoperation was the presence of recurrent SAS with AI (8y15; 53%), or isolated recurrent SAS (7y15; 47%). The residual gradient in this group ranged from 30 to 107 mmHg (mean, 68"22 mmHg). The mean LVOT intraoperative gradient was 14"9 mmHg, significantly lower than before surgery (Ps0.001). Early postoperative LVOT gradient correlated significantly with preoperative gradient (rs0.52, Ps0.003). Patients undergoing reoperation for obstruction had significantly higher early postoperative gradient than patients undergoing primary operation (83 vs. 64 mmHg; Ps0.02). Overall freedom from reoperation was 93% at 10 years, and 90% at 20 years, and 89% at 30 and 40 years (Fig. 2) . Univariate and multivariate analysis identified none of the tested variables as risk factors for reoperation.
Tunnel SAS group
Fifty patients (26%) with tunnel SAS have undergone surgical procedures. Patients ages at operation ranged from 1 month to 36 years (mean, 8.4"6.9 years), there were 36 male patients (72%).
There were three early and five late deaths (8y50; 16%; Ps0.07): 5 patients with isolated tunnel SAS and 3 patients with multilevel type of tunnel SAS. Causes of death are as follows: 5 cardiac deaths of which four were low cardiac output (3 early and 1 late) and one sudden unexplained death 5 years after the operation; and three noncardiac (1 due to lung bleeding 4 years after operation, and one due to aspiration and respiratory arrest 6 months after reoperation, and one due to renal failure). Overall late survival for tunnel SAS group was 88% at 5 years, and 84% at 20, 30 and 40 years (Fig. 1) . Univariate and multivariate analysis identified insertion of AAC as a risk factor for death (Ps0.001).
The mean preoperative LVOT gradient decreased from 128"54 to 22"17 mmHg (Ps0.004) in early postoperative period (Table 6) .
Clinical follow-ups (mean, 12.1"8.8 years; range 6 months to 42 years) were obtained in all but one of the surviving patients (46y47; 98%) with tunnel SAS, and were in NYHA class I or II. Follow-up Doppler echocardiography and catheterization were performed in all patients and the LVOT gradient ranged from 0 to 108 mmHg (mean, 35"29 mmHg; Table 6 ).
Thirty-five of these patients had residual gradient of 50 mmHg or greater, and 21 (21y35; 60%) had associated multilevel LVOTO anomalies. Eighteen patients (17y35; 39%) had clinical or echocardiographic evidence of AI; this was mild in 6 cases and moderate in 12 cases. In 12 of those 18 patients, the AI progressed to a severe degree, and AVR was performed: Ross procedure in 9 patients (with 6 Konno procedure), and mechanical AVR in 3 patients. Four patients had mild to moderate mitral regurgitation developed after the surgery.
All of these 35 patients with postoperative LVOT gradients )50 mmHg required reoperation (ns78) for residual or recurrent SAS during the follow-up period ( Table 5 ). The residual gradient in these patients ranged from 38 to 108 mmHg (mean, 74"36 mmHg). The mean time from initial surgery to first reoperation was 6.6"5.8 years (range 3 months to 29 years). Eight patients underwent second reoperation (mean interval time 6.0"3.9 years; range 2-16 years), two patients underwent a third reoperation (4 and 20 years after previous second reoperation), and 1 patient underwent a fourth reoperation 4 years after previous surgery. The predominant indication for reoperation was presence of recurrent SAS with AI (49%; 17y35) and recurrent SAS (43%; 15y35) or pure AI (9%; 3y35). One patient with a cardiomyopathy required orthotopic heart transplantation and the other one with a restrictive cardiomyopathy, congestive heart failure and pulmonary hypertension required an LV assist device with left ventricular endomyocardial resection. Overall freedom from reoperation estimated by the Kaplan-Meier method was 32% at 10 years, 18% at 20 years, 16% at 30 years, and 14% at 40 years (Fig. 2) . Statistical analysis revealed that several factors could be predictors for recurrence of the SAS. The anatomic factors were relative hypoplasia of aortic annulus (Ps0.05), and supravalvar AS (Ps0.03). AAC was associated with higher rates of recurrence (Ps0.02), as was higher preoperative gradients across the LVOT (Ps0.04). There was a strong positive correlation (Ps0.001) between immediate postoperative LVOT gradient and the rate of recurrence. In the multivariate Cox regression analysis the insertion of AAC (Ps0.005) and the immediate postoperative gradient across the LVOT (Ps0.004) were independent risk factors for recurrence.
Comparison of patients with discrete and tunnel types SAS
There was a significant difference in the mean preoperative LVOT gradient of the discrete (90 mmHg) and tunnel (128 mmHg) groups (Ps0.05). Also, the late mean postoperative LVOT gradient was better for the patients with discrete SAS (24 mmHg) than for the patients with tunnel type SAS (35 mmHg; Ps0.02). Likewise, the proportion of patients with postoperative LVOT gradients )50 mmHg was significantly greater for patients with tunnel obstruction (25y46) than for those with discrete obstruction (15y131; P-0.001). There was a significantly higher rate of association anomalies in the tunnel group as compared to the discrete group (Ps0.05).
At 2 years postoperatively, there was no significant difference in the survival probabilities between patients with discrete and tunnel types SAS. However, after 2 years the probability of being free from reoperation was significantly higher for patients with discrete (88%) than the patients with tunnel types obstruction (14%, P-0.001).
Discussion
Immediate results after operative treatment of discrete SAS have been generally good with low operative mortality w7,11x, and good preservation of systolic function w12,13x. A reduction in the outflow gradient to -30 mmHg is unusual but has been described w2,14,15x. Residual gradients after operation may be due to inadequate resection, but dynamic outflow obstruction almost contributes significantly to this finding w4x. A high frequency of nonfatal complications has been reported among patients undergoing operative treatment for SAS. Complete heart block, bundlebranch block, and bacterial endocarditis are some of the more troublesome problems encountered w2,15x.
The hypothesis that discrete SAS is a dynamic, progressive disorder of the LVOT is supported by our study as well as serial hemodynamic and angiographic investigations w16,17x. In our series, 23 of the patients who had discrete SAS at initial operation and required reoperation were found to have tunnel obstruction at reoperation. These data support the concept that in patients, who develop SAS, there may be a preexisting nidus that is stimulated by hemodynamic forces. An additional mechanism may be present in those patients, who develop tunnel SAS months to years after operation for discrete SAS in whom extensive fibrous tissue is found surrounding the LVOT. These findings suggest that an abnormal healing response (perhaps an internal keloid) may contribute to the recurrent obstruction in some patients. If discrete SAS is untreated or inadequately relieved, LVOT obstruction may ultimately lead to concentric LV hypertrophy (with the potential for diffuse ischemic myocardial damage and rhythm disturbances in the long-term), damage of the aortic valve, and bacterial endocarditis. Our data also confirm previous reports that the routine addition of a generous myectomy to fibrous subaortic resection for relief of tunnel LVOT obstruction may reduce the incidence of recurrent obstruction w16x.
Resection of extensive subaortic fibrous tissue may leave behind tissue that has a propensity for forming a recurrent obstruction. Limited myectomy, as described in this study and as previously reported w18x, may eliminate the substrate for recurrent SAS. An alternative possibility has been proposed by Cain and associates w19x, who reported that routine myectomy reduced only moderately the incidence of recurrent stenosis. They also reported that repeat excision of the membrane and limited myectomy was frequently inadequate to relieve the LV obstruction, suggesting that the SAS in some of their patients with muscular or tunnel SAS will appreciably reduce the frequency of recurrence in this population.
Two high-risk subgroups for recurrence and reoperation have been clearly identified: group of patients with tunnel SAS and especially the group with multilevel LVOTO. The AAC procedure performed at our institution in the 1980s provided good palliation for 23 patients. Although multiple studies have demonstrated good early results using AACs, the incidence of late problems associated with long-term durability of the conduit valve has been appreciable. The reported late complications of AACs are LV pseudoaneurysm, erosion of the conduit into the esophagus or stomach when placed to the abdominal aorta, systemic emboli, and tissue valve dysfunction w2,8,20x. An LV pseudoaneurysm was seen in one of our patients. The risk of this complication has been reduced by use of a cloth-covered and lined LV stent and by attaching the LV stent to the patients' pericardium after insertion of the AAC. If systemic emboli were to occur they would very likely go below the diaphragm since flow in the AAC rarely goes proximal to the left subclavian artery. Flow to the other aortic arch vessels is antegrade via the native aortic valve. Erosion of the conduit into the esophagus or an abdominal viscus has not been encountered in our series. This complication could be prevented by placing omentum over the AAC in the retroperitoneum or placing the entire conduit in the left chest, which is our strong preference. The major drawback of currently available AACs appears to be the limited durability of the porcine and aortic homograft valves in children. Conduit failure secondary to early bioprosthetic conduit valve degeneration and calcification has been previously identified as the major late complication of bioprosthetic valves in children. This fact is demonstrated by our study. Conduit valve failure occurred in 15 of the 23 children who survived initial placement. Several of our patients had an AAC valve change via a repeat left thoracotomy. Valve replacement was accomplished by clamping the graft on both sides of the valve. Bypass was not necessary in any patients. In patients who underwent a subsequent direct treatment of there LVOTO, the AAC was ligated and left in place. Use of a more durable mechanical valve in the conduit is possible but requires Coumadin anticoagulation which is not attractive in children. We have used mechanical valves in selected patients (ns5). Unlike aortoventriculoplasty, the extracardiac location of the valve in AACs makes the apical aortic approach ideal for reoperation on malfunctioning prosthetic valves without bypass and permits a delayed primary attack on the LVOT. Two of our patients still have their original AAC, 24 and 25 years after initial implantation, but both have had the porcine valve replaced with a mechanical prosthesis 13 and 14 years after initial AAC insertion.
The choice of the first or second surgical procedure will be determined by the location and anatomy of the LVOTO and by the patients' age and size. Since the early 1990s the AAC procedure has been largely replaced with the Ross or Ross-Konno procedure in our practice w20x. The Ross AVR, the Ross-Konno procedure, and the valve-sparing Konno procedure are techniques that appear to have the long-term ability to relieve LVOT pathology.
AI sometimes increases after removal of an SAS if a cusp is damaged or after an over-zealous valvotomy. Those in whom AVR has been needed will likely require further surgery. Mild AI usually does not worsen after careful removal of the subaortic obstruction; the regurgitant murmur may disappear. Those with a successful AVR, completely relieving the valvar gradient, did not develop dynamic obstruction and seemed to do better in the long term.
Valve replacement, if required, is almost always performed with low mortality and acceptable morbidity w21,22x. A major problem encountered in non-Ross AVRs in children has been the progressive restriction of prosthesis related to patient growth. The Ross AVR is the only AVR that has growth potential w23x, and with the Ross procedure, LVOT gradient is completely relieved and there is regression of excess LV mass w24x, which may improve the long-term prognosis and obviate the need for subsequent LVOT surgery.
